FOXO3a is a transcription factor of the FOXO family. The FOXO proteins participate in multiple signaling pathways, and their transcriptional activity is regulated by several post-translational mechanisms, including phosphorylation, acetylation and ubiquitination. Because these post-translational modification sites are located within the C-terminal basic region of the FOXO DNA-binding domain (FOXO-DBD), it is possible that these post-translational modifications could alter the DNA-binding characteristics. To understand how FOXO mediate transcriptional activity, we report here the 2.7 Å crystal structure of the DNA-binding domain of FOXO3a (FOXO3a-DBD) bound to a 13-bp DNA duplex containing a FOXO consensus binding sequence (GTAAACA). Based on a unique structural feature in the C-terminal region and results from biochemical and mutational studies, our studies may explain how FOXO-DBD C-terminal phosphorylation by protein kinase B (PKB) or acetylation by cAMP-response element binding protein (CBP) can attenuate the DNA-binding activity and thereby reduce transcriptional activity of FOXO proteins. In addition, we demonstrate that the methyl groups of specific thymine bases within the consensus sequence are important for FOXO3a-DBD recognition of the consensus binding site.
ABSTRACT
FOXO3a is a transcription factor of the FOXO family. The FOXO proteins participate in multiple signaling pathways, and their transcriptional activity is regulated by several post-translational mechanisms, including phosphorylation, acetylation and ubiquitination. Because these post-translational modification sites are located within the C-terminal basic region of the FOXO DNA-binding domain (FOXO-DBD), it is possible that these post-translational modifications could alter the DNA-binding characteristics. To understand how FOXO mediate transcriptional activity, we report here the 2.7 Å crystal structure of the DNA-binding domain of FOXO3a (FOXO3a-DBD) bound to a 13-bp DNA duplex containing a FOXO consensus binding sequence (GTAAACA). Based on a unique structural feature in the C-terminal region and results from biochemical and mutational studies, our studies may explain how FOXO-DBD C-terminal phosphorylation by protein kinase B (PKB) or acetylation by cAMP-response element binding protein (CBP) can attenuate the DNA-binding activity and thereby reduce transcriptional activity of FOXO proteins. In addition, we demonstrate that the methyl groups of specific thymine bases within the consensus sequence are important for FOXO3a-DBD recognition of the consensus binding site.
INTRODUCTION
The forkhead box proteins (FOX proteins) comprise a large family of functionally diverse transcription factors involved in cellular proliferation, transformation, differentiation and longevity (1) (2) (3) . These proteins, found in various species ranging from yeast to human, have multiple domains that are specific for DNA binding, transactivation or transrepression (4) . One sub-family of FOX proteins, the 'O' class forkhead proteins (FOXO), are transcription factors that play important roles in several biological processes, including metabolism, cellular proliferation, cell survival and response to oxidative stress (5) (6) (7) (8) (9) (10) . To date, the FOXO family in mammals contains four members: FOXO1 (FKHR), FOXO3a (FKHRL1), FOXO4 (AFX) and FOXO6. These proteins share a high degree of evolutionary conservation, especially in the forkhead DNA-binding domain ( Figure 1A and B) (11) (12) (13) (14) . Among these FOXO proteins, FOXO3a is involved in cell transformation, tumor progression and angiogenesis (15) (16) (17) .
FOXO proteins participate in multiple signaling pathways, and their transcriptional activity is regulated by several post-translational mechanisms, including phosphorylation, acetylation and ubiquitination (16, (18) (19) (20) (21) . All FOXO proteins are regulated by insulin or growth factor signaling through the phosphatidylinositol 3-kinase-protein kinase B (PI3K-PKB) pathway (20, 22, 23) . PKB-induced phosphorylation of FOXO proteins generates two binding sites for the binding of 14-3-3 proteins, which results in the translocation of FOXO/14-3-3 complex from the nucleus to the cytoplasm (20, 24) . In addition, the binding of 14-3-3 proteins to FOXO is required for FOXO protein dissociation from DNA and prevents re-translocation of FOXO into the nucleus by masking the function of the nuclear localization sequence (NLS) (20, (25) (26) (27) (28) (29) . Recent studies have shown that acetylation of FOXO proteins by cAMPresponse element binding (CREB)-binding protein (CBP) and deacetylation by Sir2 are also important regulators of FOXO-mediated transcriptional activity (21, (30) (31) (32) (33) . In FOXO1, CBP-induced acetylation at two basic residues, Lys242 and Lys245 (corresponding to Lys242 and Lys245 in FOXO3a), located in the C-terminal region of the DNA-binding domain, has been shown to reduce its DNA-binding affinity and transcriptional activity (21, 34) .
Each member of the FOX family contains a conserved DNA-binding domain (forkhead domain) with a wingedhelix fold that recognizes DNA. This so-called 'winged helix/forkhead domain' contains $100 conserved amino acid residues and is characterized by three a-helices packed against each other, three small b-strands, one wing known as 'wing 1' and the C-terminal a-helix or 'wing 2' (35) (36) (37) (38) (39) (40) (41) . To date, the crystal structures of the forkhead DNA-binding domain bound to DNA have been determined for FOXA3 (also named HNF-3g), FOXK1a and FOXP2 ( Figure 1B) (35, 36, 41) . Although the DNA-binding domains of FOX proteins share a high degree of sequence homology in the recognition helix (helix 3), their DNA recognition specificity shows notable variations (38, 42, 43) . The amino acid compositions in the H2-H3 turn, wing 1 and C-terminal region of the DNA-binding domain exhibit apparent sequence deviations. Thus, it has been hypothesized that the variability in DNA recognition specificity is modulated by these non-conserved DNA-binding domain regions (42, 43) .
Because the PKB phosphorylation site (Ser253), CDK2 phosphorylation site (Ser246 in FOXO1) and CBP acetylation sites (Lys242 and Lys245) are located within the C-terminal basic region of the FOXO DNA-binding domain, it is possible that these post-translational modifications could alter the DNA-binding characteristics by introducing a negative charge or disrupting protein-DNA contacts in this region that result in destabilization of the protein-DNA complex. Hence, the elucidation of the FOXO-DNA complex structure is necessary to understand the molecular basis for FOXO protein recognition of DNA. Here, we report the 2.7 Å resolution crystal structure of the DNA-binding domain of FOXO3a (FOXO3a-DBD) bound to a 13-bp DNA duplex containing a FOXO consensus binding sequence. Based on a structural feature in the C-terminal region of FOXO3a-DBD, as well as results from biochemical and mutation studies, we discuss the potential phosphorylation and acetylation sites for the C-terminal region of FOXO3a-DBD.
MATERIALS AND METHODS
Expression and purification of FOXO3a-DBD DNA encoding residues 158-253 of human FOXO3a-DBD was generated by PCR amplification using full-length FOXO3a cDNA and ligated into pET-21b using the NdeI and XhoI sites. The R211A, K230A, K242A, K245A, KK (double mutant, K242A and K245A), A246D and RRR (triple mutation, R248A, R249A and R250A) mutants were generated according to the QuickChange mutagenesis protocol (Stratagene, La Jolla, CA, USA) using the pET-21b-FOXO3a-DBD wild-type plasmid as the template. The C-terminally truncated FOXO3a-DBD (residues 158-240) was generated by introducing a stop codon before Gly241. All mutant constructs were verified by DNA sequencing. The recombinant protein contained only one additional residue (Met) at the N-terminus. Recombinant FOXO3a-DBD was expressed in an Escherichia coli system and induced by addition of IPTG at a final concentration of 1 mM for 3 h at 378C. The lysate was clarified by centrifugation, and the resulting supernatant was loaded onto a heparin-Sepharose column (Amersham Biosciences) equilibrated in buffer containing 25 mM HEPES (pH 6.5), 100 mM NaCl and 1 mM DTT. FOXO3a-DBD was eluted using a linear gradient of NaCl (100-1000 mM). Eluted protein was then purified by gel-filtration chromatography on a Superdex75 column (Amersham Biosciences) in 25 mM HEPES (pH 7.2), 100 mM NaCl and 1 mM DTT. Peak fractions were pooled and concentrated to $20 mg/ml for storage at À808C.
Crystallization of protein-DNA complex
Complementary oligonucleotides (5 0 -CTATGTAAACAA C-3 0 and 5 0 -GTTGTTTACATAG-3 0 ) with 13 bases per single strand were purchased from MdBio, Inc. (Frederick, MD), and annealed as described (36) . FOXO3a-DBD was mixed with the oligonucleotides at a 1:1 molar ratio at a final protein concentration of 5 mg/ml in buffer containing 25 mM HEPES (pH 7.2), 2 mM DTT and 150 mM NaCl. Crystals were grown at 208C using the hanging drop vapor diffusion method. The protein-DNA complex was mixed with an equal volume of reservoir solution containing 100 mM Bis-Tris (pH 7.4), 50 mM MgCl 2 and 30% PEGMME 550. The crystals grew up to 0.3 Â 0.3 Â 0.1 mm 3 in size in 2-3 days.
Data collection and structure determination
A crystal was soaked in reservoir solution containing 25% glycerol for 25 min before flash cooling in liquid nitrogen. A complete data set was collected on an ADSC Quantum 4R CCD detector using the synchrotron radiation X-ray source at Beamline 13B1 of the National Synchrotron Radiation Research Center (NSRRC) in Taiwan. All data were processed with the HKL2000 package (44) . The crystal belonged to the P6 1 space group, with unit cell dimensions a = b = 41.9 Å and c = 354.8 Å , and diffracted to 2.7 Å resolution. The structure of the FOXO3a-DBD/DNA complex was determined using the molecular replacement method by the MolRep program (45) . Initial phases were obtained at 4 Å resolution using the coordinates of FOXK1a (PDB code: 2C6Y) as a search model, yielding a solution with a correction coefficient of 45% and an R factor of 40%. XtalView (46) was used to examine electron density maps and for model building. The refinement and final analysis were performed with CNS (47) . Water molecules were added with a water-pick routine in the CNS program. The current model has an R-factor of 24.1% for all reflections between 25 and 2.7 Å resolution and an R free of 26.6%, using 5% randomly distributed reflections. In the current model, 84% of all residues are in the most favored region of the Ramachandran plot, and no residues are in the disallowed region. The helical parameters of DNA were analyzed using the CURVE (48) program. The figures were generated using the PyMol (49) program. The data collection and refinement statistics are presented in Table 1 .
Electrophoretic mobility shift assay
A 26-bp DNA fragment containing the FOXO consensus sequence (5 0 -CGCATCCTATGTAAACAACTCGA GTC-3 0 ), and each of the mutant oligonucleotides, were 32 P-labeled at the 5 0 terminus with T4 polynucleotide kinase and [g-32 P] ATP (New England Biolabs). The labeled probe was incubated with 10, 20 or 50 ng of FOXO3a-DBD in a total volume of 20 ml in 25 mM HEPES, pH 7.0, 50 mM NaCl, 1 mM DTT, 1 mM MgCl 2 , 1 mg/ml BSA and 20 ng of poly(dI-dC). After a 40-min incubation on ice, the binding reactions were directly loaded onto a native 10% polyacrylamide gel and electrophoresed in 0.5Â TBE buffer (1Â TBE contains 89 mM Tris, pH 8.3, 89 mM boric acid and 2 mM EDTA). The gels were dried and quantified by phosphorimaging.
Fluorescence anisotropy assay
The dissociation constants of FOXO3a-DBD proteins for FOXO consensus DNA were determined using a fluorescence anisotropy assay. Fluorescence anisotropy measurements were performed in a Fluorolog-3 spectrometer (Jobin Yvon Inc.) with polarizers placed in L-format. The measurements were taken at an excitation wavelength of 490 nm and emission wavelength of 520 nm. Dilutions of FOXO3a-DBD proteins were incubated with a 26-bp DNA duplex with a 5 0 -fluorescein label on one strand of the DNA duplex at room temperature for 30 min. The DNA concentration was 1 nM. All binding reactions were carried out in 1 ml of binding buffer containing 20 mM Tris-HCl, pH 7.6, 50 mM NaCl and 1 mM DTT. The anisotropy of each sample was measured at 258C.
Three to six measurements were collected and averaged for each point of the binding isotherm. The dissociation constant (K d ) values of wild-type and mutant FOXO3a-DBD proteins for the 26-bp DNA were derived from anisotropy data converted into fraction of DNA bound as a function of FOXO3a-DBD concentration.
RESULTS

Overview of the FOXO3a-DBD/DNA complex
We determined the crystal structure of FOXO3a-DBD (residues Gly158 to Ser253) bound to a 13-bp duplex DNA containing the 7-bp FOXO consensus binding sequence (GTAAACA) at 2.7 Å resolution ( Figure 2 ). In the asymmetric unit of the crystal, two FOXO3a-DBD molecules bound to two DNA duplexes with a pseudo 2-fold symmetry ( Figure 2A ). The geometry of the DNA duplex was canonical B-form DNA with a few kinks. In the crystal, the DNA duplexes formed a pseudocontinuous DNA helix stabilized by base-stacking interactions with symmetry-related DNA. There were direct protein-protein interactions between the two FOXO3a-DBD molecules, ostensibly forming a homodimer; however, to date no biological function has been ascribed for such a dimer of FOXO3a-DBD.
The two FOXO3a-DBD molecules bound to DNA in a similar manner. Briefly, the DNA-binding domain of FOXO3a was arranged in a compact winged-helix motif consisting of three a-helices, three b-strands, one wing (wing 1) and a C-terminal coil ( Figure 2C ). The recognition helix (H3) docked into the major groove roughly perpendicular to the DNA axis and made numerous interactions with the FOXO consensus sequence. The protein-phosphate interactions were localized in two phosphate backbones forming the major groove of the core sequence. In the region between H2 and H3, the residues preceding the recognition helix formed a solvent-exposed loop structure. The typical wing 1 interacted with the phosphate group of the 3 0 flanking region of the consensus sequence without making basespecific contacts. In the C-terminal region of FOXO3a-DBD, the residues following S3 formed a coil structure that aligned to the major groove and interacted with the DNA ( Figure 2C ). To analyze structural deviations, two FOXO3a-DBD molecules related by pseudo 2-fold symmetry in the asymmetric unit were superimposed. The 0.64 Å root mean square deviation (RMSD) for Ca atoms of secondary structural elements showed no obvious structural disparity. Figure 2D shows the electron density map of the interface between the recognition helix and major groove of DNA.
Major groove recognition within the consensus binding site
In most forkhead proteins, the recognition helices H3 within the DNA-binding domain share a highly conserved amino acid sequence ( Figure 1B) . As expected, the recognition helix H3 in the FOXO3a-DBD structure docked perpendicular to the major groove and formed extensive contacts with the FOXO consensus binding sequence. The recognition helix H3 centered over the FOXO consensus sequence, with several residues within helix 3 forming direct hydrogen bonds as well as van der Waals contacts with bases of the major groove. Details of the interactions between recognition helix H3 and DNA are shown in Figures 3A and 4 . The conserved residues Asn208, Ser215, Arg211 and His212 within H3 were important for DNA recognition. Asn208 bound to the A4 base via two hydrogen bonds. Arg211 recognized T5 0 and T7 0 through van der Waals contacts and contributed to the specificity for G6 0 with a direct hydrogen bond. The side chain of His212 protruded into the major groove and recognized bases T2 and T3 0 through a van der Waals contact and a direct hydrogen bond, respectively. Ser215 recognized T4 0 through a van der Waals contact. Among these interactions, we note that the methyl groups of thymine bases from the FOXO consensus binding sequence were crucial for FOXO3a-DBD promoter recognition. In addition to base recognition, Ser215 also interacted with the phosphate group of T8 0 to further stabilize the complex. The FOXO3a-DBD C terminus forms a coil to interact with the DNA major groove
In the FOXO3a-DBD/DNA complex, the C-terminal region adopted a coil structure and interacted with the major groove of DNA (Figures 2C and 3B) .
Interestingly, the C-terminal region (242-KSGKAPRR RAVS-253) not only functions as a NLS, but also overlaps with the PKB phosphorylation site, 14-3-3 binding motif and CBP acetylation sites ( Figure 1A and B) (20, 21, 34) . The three basic residues Arg248-Arg249-Arg250, part of the PKB recognition motif, are highly conserved in other members of the FOXO family. In our structure, this region played an important role in DNA major groove binding, with each of these three residues forming an ion pair with a phosphate group in the major groove of the DNA backbone without base-specific contacts ( Figure 3B ). Ser253, a PKB phosphorylation site, immediately following the Arg248-250 motif also made direct contact with a DNA phosphate group (Figure 3B ), implying that Ser253 (when non-phosphorylated) participates in DNA binding. PKB-mediated phosphorylation at this residue may disrupt this contact and thereby inhibit DNA binding by introduction of a negative charge. In addition, previous work has shown that two positively charged residues, Lys242 and Lys245 of FOXO1 (corresponding to Lys242 and Lys245 in FOXO3a) located in the C-terminal region of the DNA-binding domain, are prone to acetylation by CBP, leading to reduced DNA binding and increased sensitivity to PKB-induced phosphorylation at Ser253 (34) . As shown in Figure 3C , Lys245 interacted directly with the DNA phosphate group, but Lys242 was too far away from the DNA to participate directly in binding. This is consistent with the results from our mutagenesis study (see below) where a K245A mutation resulted in a greater apparent loss of DNA binding than a K242A mutation. The protein-DNA interactions of Lys245 could be explained if the acetylation of Lys residues led to the reduction of the DNAbinding affinity. Interestingly, no apparent intramolecular interaction was found between the C-terminal coil and FOXO3a-DBD, suggesting that the C-terminal region is highly mobile in the absence of DNA. Hence, in the presence of DNA the C-terminal coil may be stabilized by interactions with the major groove. The C-terminal region of FOXO3a thus plays several important roles in DNA binding, and charge variations induced by phosphorylation or acetylation may attenuate the DNA-binding affinity of FOXO proteins.
Interaction between wing 1 and DNA The FOXO3a-DBD/DNA complex structure revealed that wing 1 of FOXO3a also contributes to DNA binding by interacting with the phosphate backbone in the 3 0 -flanking region of the consensus sequence ( Figure 3D ). The terminal amine of Lys230 formed an ion pair with the phosphate group of T7 0 . In addition, the amide group of Ser232 made a hydrogen bond with the phosphate group of G6 0 . Arg222 and Trp234, located at the stem of wing 1, also made contact with the phosphate groups of G6 0 ( Figure 3D ). Analysis of the amino acid composition of wing 1 of FOX proteins showed that FOXO3a is two residues shorter in the wing 1 region ( Figure 1B) . The lack of these two residues may change the shape and size of the wing 1 loop, such that wing 1 of FOXO3a is not long enough to push Lys230 far enough into the minor groove for DNA recognition. Thus, although wing 1 of FOXO3a may help to stabilize DNA binding, it does not play a direct role in protein-DNA recognition.
Structural comparison with other FOX proteins
A superimposition of the FOXO3a-DBD/DNA complex with the previously reported FOXA3, FOXK1a and FOXP2 DNA complexes showed a high degree of structural similarity in the core region (H1 $ H3 and S1 $ S3) with RMSDs of 0.64, 0.66 and 0.56 Å for Ca positions, respectively ( Figure 5 ). However, there are several major structural deviations located in the H2-H3 turn, wing 1 and C-terminal regions, as the amino acid compositions and lengths of these regions are not well conserved. In the FOXA3 and FOXP2 complexes, both H2-H3 turns formed short a-helices. In contrast, the corresponding regions in FOXO3a and FOXK1a are coil structures. In particular, the H2-H3 turn region of FOXO3a has an insertion of five additional residues (198-GDSNS-202) that are solvent-exposed. The function of these extra residues is unknown, because there was no protein-DNA interaction in this region within the FOXO3a-DBD/DNA complex structure.
The wing 1 region of these FOX proteins also varies in sequence and length, which may lead to various conformations of the wing 1 structure ( Figure 5 ). In the FOXK1a/DNA complex, wing 1 utilizes Lys73 (corresponding to Lys230 in FOXO3a) to insert into the minor groove to recognize the base (35, 36, 41) . In contrast to FOXK1a, no direct base interaction was found for residue Lys230 in the FOXO3a-DBD/DNA complex. However, in FOXP2, the five amino acids preceding the corresponding Lys residue were truncated, resulting in a simple turn that did not make any contact with DNA (41) . Interestingly, in the FOXP3/NFAT/DNA ternary complex structure, the same Lys residue mediates a protein-protein interaction with NFAT (41). Due to the sequence variation in the wing 1 region, we speculate that the differences in length and amino acid composition of wing 1 allow it to play various roles in the mediation of DNA recognition, the stabilization of protein-DNA complex or the proteinprotein interactions in the various FOX proteins.
The most structurally divergent region of these FOX/ DNA complex structures is the C-terminus of the DNAbinding domains, which contains many positively charged residues and functions in DNA binding or recognition specificity. The C-terminal regions of FOXK1a and FOXP2 form an a-helix. In contrast, the corresponding regions of FOXO3a and FOXA3 adopt coiled structures. Although the C-terminal regions of FOXA3, FOXK1a and FOXP2 have different structures, they all position the protein in the same binding orientation, whereas the corresponding region in FOXO3a was in the opposite orientation ( Figure 5) . Due to the different arrangement of these coiled structures, FOXO3a interacted with DNA in the major groove whereas FOXA3 interacts with DNA in the minor groove.
DNA conformation in the FOXO3a-DBD/DNA complex
In the FOXO3a-DBD/DNA complex, the DNA exhibited a bend of 208 toward FOXO3a-DBD, mainly in the major groove, which was bound by the recognition helix. The base steps 2/3 and 6/7 were heavily kinked with roll angles 12.28 and 16.38, respectively. The major groove was slightly wider ($3-4 Å wider than the canonical B-DNA) at positions where the recognition helix of FOXO3a-DBD was inserted. The minor groove was also slightly wider in the core sequence region. The helical twist per base pair varied from 24.08 to 40.58. The DNA was 3.1% shorter than canonical B-DNA with the same number of nucleotides.
Mutational analyses of FOXO3a-DBD
To further characterize the roles of the residues involved in protein-DNA interactions in the FOXO3a-DBD/DNA structure, we studied the effect of various mutations on the ability of FOXO3a-DBD to bind to a DNA duplex containing either the FOXO consensus binding sequence 5 0 -GTAAACA-3 0 or insulin response sequence (IRS) 5 0 -CAAAATA-3 0 (50,51). Gel shift studies ( Figure 6A  and B) revealed that the FOXO3a-DBD 158-240 lacking the C-terminal region almost lost the ability to bind DNA, indicating that the C-terminal region of FOXO3a-DBD contributes significantly to the formation of a stable protein-DNA complex. Substitutions of the three basic residues (Arg248 $ 250) with alanine also substantially diminished DNA binding. Because Lys242 and Lys245 are located in the C-terminus of FOXO3a-DBD, and Lys245 interacted with the phosphate group, we mutated these Lys residues to alanine and examined their effect on DNA binding. The K245A mutation reduced the DNA-binding ability more than the K242A mutation, consistent with the observed direct interaction between Lys245 and the DNA in the crystal structure. Although Lys242 did not contact the DNA, the K242A mutant showed a slight decrease in DNA affinity. We hypothesize that the K242A mutant impaired DNA binding by destabilizing the C-terminal region. We also examined the effect on DNA binding with the double mutant, K242A/K245A. Interestingly, DNA binding in this double mutant was dramatically reduced ( Figure 6A and B) , suggesting that K242 and K245 might have a synergistic effect on DNA binding.
Recently, CDK2 was shown to interact with the DNA-binding domain of FOXO1 by phosphorylating the C-terminus at Ser246 (corresponding to Ala246 in FOXO3a), which resulted in translocation from the nucleus to the cytoplasm (19) . In the FOXO3a-DBD/ DNA complex, Ala246 was close to the DNA major groove ( Figure 3C ). We constructed an aspartic acid substitution mutant, A246D, to mimic the Ser246-phosphorylated state of FOXO1 and to investigate its effect on DNA-binding ability. Indeed, the A246D mutant exhibited substantially decreased DNA binding, indicating that introduction of a negative charge at A246 reduced the DNA-binding ability of FOXO3a by decreasing the stability of the interaction between the C-terminus and DNA. In addition, we also created two mutants, K230A (wing 1 region) and R211A (recognition helix H3), to examine the importance of these residues in DNA binding. Both the R211A and K230A mutants showed an apparent loss of DNA-binding ability, consistent with the crystallographic data showing that both wing 1 and the C-terminal region of FOXO3a-DBD participated in DNA binding. Moreover, the FOXO consensus sequence had higher affinity for DNA than the IRS sequence, consistent with a previous report (50) .
To compare the DNA-binding affinity of the FOXO3a-DBD proteins, we performed fluorescence anisotropy assay to measure the binding ability of these mutant proteins using a fluorescently labeled DNA containing the FOXO consensus binding sequence. As shown in Figure 7 , we observed that the K24A and K245A mutants are defective in binding DNA compared to wild-type FOXO3a-DBD. The wild-type FOXO3a-DBD bound to DNA with an apparent K d of 295 AE 26 nM (Table 2) . However, the apparent K d value for K242A and K245A mutants is 399 AE 25 nM and 511 AE 63 nM, respectively. These data support the results of gel shift studies that substitutions of K242 and K245 for alanine reduced the DNA-binding affinity of FOXO3a-DBD. In the structure, residue Ser253 interacted with phosphate group of DNA. To further study the role of PKB-induced phosphorylation at Ser253, we created a S253D mutant to mimic the phosphorylated state. The result showed that S253D mutant caused a decrease on its DNA-binding ability (K d = 511 AE 63 nM), indicating that phosphorylation at Ser253 influences the stability of protein-DNA interaction. This effect is also consistent with the result that S256D of FOXO1 (Ser253 in FOXO3a) led a decrease in DNA-binding affinity (52) . In addition, substitutions of the three basic residues (Arg248 $ 250) with alanine also significantly impaired DNA-binding affinity with an apparent K d of 1178 AE 168 nM. Furthermore, the truncation of C-terminus at the FOXO3a-DBD also caused a 5-fold decrease for DNA-binding (K d = 1492 AE 197 nM), indicating that the C-terminus of FOXO3a-DBD is important for DNA binding.
FOXO protein recognizes an AT-rich consensus sequence
In the FOXO3a-DBD/DNA structure, methyl groups of thymine bases within the 5 0 -GTAAACA-3 0 consensus sequence formed numerous van der Waals contacts with the recognition helix. This phenomenon suggested that Figure 6C , the substitution U2 decreased protein-DNA complex formation to 30%, whereas base substitution at positions U4, U5 and U7 reduced binding to 30, 15 and 20%, respectively. Base substitution at position U3 did not apparently decrease in DNA binding, which was consistent with the structure result where no interaction was found between the methyl group of T3 0 and the recognition helix ( Figure 3A ). In the FOXO3a-DBD/ DNA complex structure, the methyl groups of DNA bases T5 0 and T7 0 interacted with residue Arg211 through van der Waals contacts ( Figures 3A and 4) , which explained why the R211A mutant in FOXO3a-DBD had substantially less affinity for DNA. Based on the structure and on these DNA substitution experiments, we suggest that van der Waals contacts between the methyl groups of thymine bases and side chains of the recognition helix are important for FOXO3a recognition of the FOXO consensus sequence.
DISCUSSION
Previously reported structures of FOX proteins bound to DNA revealed the presence of basic amino acids at the C-terminal region of forkhead DNA-binding domains that play an important role in DNA binding (35, 36, 41) . In the FOXO family, the C-terminal basic region of the DNA-binding domain contains several post-modification sites and is a direct target of the PI3K-PKB signaling pathway in response to insulin or growth factors (20, 22, 23) . PKB-induced phosphorylation and CBPinduced acetylation at the C-terminus of FOXO-DBD have been shown to alter its transcriptional activity (21, 34) . These C-terminal post-transcriptional modifications allow for regulation of FOXO-DBD transcriptional activity by altering its DNA-binding affinity. Hence, the goal of this work was to find the molecular basis by which FOXO-DBD interacts with DNA and help explain why the DNA-binding properties of FOXO proteins can be altered by phosphorylation and acetylation within the NLS.
Regulation of FOXO by the PI3K-PKB pathway
The FOXO family is a key downstream target of the PI3K-PKB pathway in response to cellular stimulation by insulin or growth factors (20) . PKB-induced phosphorylation at three regulatory sites (Thr32, Ser253 and Ser315 in FOXO3a) results in the export of FOXO proteins from the nucleus to the cytoplasm (20) . Among these three phosphorylation sites, Ser253 is the primary site located within the NLS of FOXO proteins which overlaps with the 14-3-3 binding motif. PKB-induced phosphorylation at Ser253 and the sequential binding of 14-3-3 proteins have been suggested to prevent the interaction of FOXO with its target genes (20) . In support of this hypothesis, our study showed that replacing a cluster of three basic residues adjacent to Ser253 in the C-terminal region (corresponding to Arg248, Arg249 and Arg250 in FOXO3a) with neutral amino acids effectively disrupted DNA binding by FOXO3a-DBD ( Figures 6A, B and 7) . These findings are consistent with our FOXO3a-DBD/ DNA complex structure showing that all three basic residues (Arg248, Arg249 and Arg250) and Ser253 interact with the phosphate groups of the DNA major groove ( Figure 3B ). These interactions may also explain how the binding of 14-3-3 following phosphorylation of Ser253 can mask the interaction of the above four residues to prevent their interaction with DNA, resulting in a decrease in DNA-binding affinity.
Recently, FOXO protein acetylation was shown to attenuate their transcriptional activity (21, 31, 32) . In particular, the three FOXO C-terminal Lys residues Lys242, Lys245 and Lys262, which correspond to Lys242, Lys245 and Lys259 of FOXO3a, can be acetylated by CBP to decrease the DNA affinity and increase the sensitivity for phosphorylation of Ser253 by PKB (34) . The structure of the FOXO3a-DBD/DNA complex revealed that Lys245 directly interacted with the phosphate group of DNA, but the side chain of Lys242 was exposed to the solvent rather than binding to DNA ( Figure 3C ). This result was also in agreement with our mutagenesis study, which showed that the DNA-binding affinity of K245A was much less than that of K242A ( Figures 6A, B  and 7) . Therefore, acetylation of K245, located in the C-terminus of FOXO-DBD, may disrupt the protein-DNA contacts, resulting in destabilization of this region and providing increased opportunity for PKB to phosphorylate Ser253. In the FOXO3a-DBD/DNA structure, the C-terminus of the DBD formed a random coil that interacted with the negatively charged phosphate groups in the DNA major groove. Interestingly, this proposed coiled structure for the C-terminus of FOXO-DBD is consistent with previous studies where the peptides used to recognize 14-3-3 also adopted coil structures (53) . From these results, we suggest that the C-terminal region of the DNA-binding domain of FOXO proteins is crucial for effective DNA binding and that the sequential events of PKB-induced phosphorylation, the binding of 14-3-3 protein, and CBP-induced acetylation in this region can inhibit binding of the C-terminus to DNA. At the interface between the recognition helix H3 and the major groove, the A-T base pair at position 3 (GTAAACA) was recognized by His212 via a hydrogen bond to the T3 0 base. Meanwhile, substitution of T3 0 by U caused only a slight decrease in DNA-binding affinity, indicating that the specificity of T3 0 was mainly contributed by His212 via hydrogen bonding rather than van der Waals forces. In the site selection studies, the A-T base pair at position 4 (GTAAACA) was highly preferred in some binding sites of the previously characterized FOX proteins (42, 50, 54) . In the FOXO3a-DBD/DNA complex, the A4 base was contacted by the highly conserved residue, Asn208, through two direct hydrogen bonds. In addition, its base-pair partner T4 0 interacted with Ser215, which provided a van der Waals contact with the T4 0 methyl group and resulted in effective discrimination of A from G at this position. Our study also showed that substitution of T4 0 with U decreased DNA affinity. For the A-T base pairs at positions 5 and 7 (GTAAACA), Arg211 contacted the T5 0 and T7 0 methyl groups only through van der Waals forces. We also substituted U at positions T5 0 or T7 0 and constructed an R211A mutant and analyzed the effects on DNA affinity. These substitutions and the R211A mutant severely impaired the DNA-binding ability of FOXO3a-DBD ( Figure 6A and B) , suggesting that the methyl groups of base T5 0 and T7 0 are crucial for recognition by Arg211.
Our results show that the DNA recognition specificity of FOXO3a is due to a series of van der Waals contacts between the methyl groups of thymine bases and the side chains of Arg211, Ser215 and His212 within the recognition helix. As shown in Figure 1B , these residues are absolutely conserved in FOXO proteins, suggesting that similar contacts may be observed in other members of FOXO family. Hence, we speculate that the methyl groups of thymine in the FOXO consensus DNA-binding sequence play an important role in promoter recognition by FOXO proteins.
In summary, our structure of the FOXO3a-DBD/DNA complex provides a good molecular model for FOXO-DBD binding to the consensus DNA-binding sequence. In addition to the recognition helix H3, structural and biochemical analyses also reveal that both wing 1 and the C-terminal regions contribute to DNA binding. The C-terminus of FOXO3a-DBD, which functions as a NLS and contains a PKB phosphorylation site and 14-3-3 binding motif, adopts a coil structure inserted into the major groove of DNA. These results reveal that the C-terminal region of FOXO3a-DBD plays a crucial role in stabilizing the formation of the complex with DNA. The structure of this complex provides insight into how PKB-induced phosphorylation, 14-3-3 protein binding and CBP-induced acetylation can alter the transcriptional activity of FOXO proteins by attenuating DNA affinity.
PDB accession code
The atomic coordinates of FOXO3a-DBD/DNA complex have been deposited in the Protein Data Bank under accession code 2uzk.
